The detailed crystal structures and high temperature thermoelectric properties of polycrystalline 
Introduction
Thermoelectric (TE) power generation from waste heat is considered as a promising renewable energy technology.
1,2 TE devices convert thermal energy into electricity via the Seebeck effect, and electrical power into solid state refrigeration via the Peltier effect. 3 In order to convert waste heat into electrical energy efficiently, good TE materials with high values of dimensionless gure of merit (zT) are required:
where S (V K À1 ) is the Seebeck coefficient, T (K) is the absolute temperature, r (Um) is the electrical resistivity, and k (W m À1 K À1 ) is the thermal conductivity.
For practical high waste heat to electricity conversion efficiency devices, zT > 1 is an essential prerequisite. Therefore robust TE materials with large thermoelectric power factor: PF ¼ S 2 /r and smaller thermal conductivity are required. In addition, TE materials must be stable in air at high operating temperatures over a long period of time and should be made of earth-abundant low cost elements. Conventional thermoelectric materials such as Bi 2 Te 3 (T max ¼ 550 K), SiGe (T max > 1300 K expensive and oxidation sensitive) and half-Heusler compounds (T max ¼ 850 K) do not meet all requirements for high temperature thermoelectric applications. [5] [6] [7] Transition metal oxides are promising candidates and have been explored for their potential applications in high temperature thermoelectric devices. A number of transition metal oxides such as CaMnO 3 , 2 Al-doped ZnO 8 and Ta-doped SrTiO 3 (ref. 9) show good thermoelectric properties and are stable in air at high temperatures of around 1000 K. Moreover, metal oxides can be synthesized from non-toxic and inexpensive precursors 10 and can possibly segmented with non-oxide materials in TE modules to increase the efficiency of devices.
11 Consequently, signicant research efforts have been recently devoted to the development of thermoelectric generators (TEGs) for automotive applications.
stack alternatively along the c axis. The mismatch of two unit cells results in dissimilar lattice parameters along the b axis i.e., b 1 20 Recently, a number of research studies have focused on improving the TE performance of C-349 polycrystalline materials by using innovative synthesis methods such as spark plasma sintering (SPS), 21 hot pressing, 22 auto-combustion synthesis and solgel based electrospinning followed by SPS 23, 24 etc. Chemical substitution of alternate metal cations at both Ca-and Co-sites of Ca 3 Co 4 O 9 is another approach that has been used to ne tune the electrical and thermal transport properties of TE oxides. These studies include partial substitution of Na, Bi, Y, Ag, Nd, Sr and Pb ions [25] [26] [27] [28] [29] [30] [31] [32] at Ca-sites, which adjusts the carrier concentration without changing much the band structure of materials, and substitution of Fe, Mn, Cu, Ti, Ga, Mo, W and In ions [33] [34] [35] [36] [37] [38] at Cosites with signicant changes in the band structure and transport mechanism. In another research work, it was reported that doping of Na ions at Ca-sites resulted in decrease of electrical resistivity and as a consequence increase of thermoelectric power factor to $5.5 Â 10 À4 W m À1 K À2 at 1000 K, though thermal conductivity (k) of these samples was still too high (4.0 W m
), impeded the further improvement of zT values. 25 On the other hand, high valence 4d and 5d transition metal-doped C-349 samples exhibited much smaller thermal conductivity with reasonably good zT values. 39 There are some research studies on simultaneous substitution of two different metal cations at Ca-and Co-sites in C-349 system with signicant improvement in TE properties with zT values of $0.20-0.25. [40] [41] [42] However, there are no reports published on dual doping of Na and W metals in Ca 3 Co 4 O 9 cobaltite as yet.
This prompted us to prepare a series of Ca 3À2x Na 2x Co 4Àx -W x O 9 (0 # x # 0.075) oxides by the conventional solid-state reaction method, and investigate their structural and hightemperature thermoelectric properties. We anticipated that Na and W dual doping in C-349 system would increase the Seebeck coefficient and electrical conductivity while thermal conductivity would decrease due to the W substitution. In this way, we expected to achieve much better zT values for these materials.
Experimental
Polycrystalline samples of Ca 3À2x Na 2x Co 4Àx W x O 9 (0 # x # 0.075) series were prepared by the conventional solid-state reaction method. Stoichiometric quantities of CaCO 3 ($99.5%; Sigma-Aldrich), Co 3 O 4 ($99.5%; Sigma-Aldrich) and Na 2 WO 4 $2H 2 O ($99.5%; Sigma-Aldrich) were ground, thoroughly mixed and pressed into pellets and initially sintered at 700 C for 8 h. Sintered pellets were reground, pressed into pellets again and sintered twice at 900 C for 8 h, with intermediate grinding and pelletizing, at a heating rate of 10 C min À1 in air and slowly cooled down to room temperature.
Powder X-ray diffraction (XRD) data were collected in 2 theta range 5 # 2q # 60 with a step size of 0.02 using a Bruker D8
Advanced diffractometer at room temperature with Cu K a (l ¼ 1.5406 A) radiation. Rietveld renements of XRD data were performed using a computer program JANA2006. 43 Surface morphology of samples was studied using a FEI Nova NanoSEM 450 scanning electron microscope (SEM). X-ray photoelectron spectroscopy (XPS, Thermo Electron Limited, Winsford, UK) was used to examine the oxidation states of Co and W ions in C-349 based materials. Analyses were performed using a monochromatic (Al-Ka) X-ray source at room temperature with a takeoff angle of 90 from the surface plane. High-resolution Co 2p
and W 4f XPS spectra were recorded using 50 eV detector pass energy and 10 scans. The binding energies were assessed by referencing to the Au 4f peak at 84.0 eV. Hall measurements were carried out at room temperature by using van der Pauw method with a (5.08 T) superconducting magnet. The Seebeck coefficient (S) and electrical resistivity (r) were simultaneously measured from room temperature to 1000 K with an ULVAC-RIKO ZEM3 under a low pressure helium atmosphere. The thermal diffusivity (a) was measured with (NETZSCH LFA-457) laser ash system under vacuum. The heat capacity (C p ) was estimated using temperature independent Dulong-Petit law. The thermal conductivity (k) was calculated 
, where C p , r and a are the specic heat capacity, mass density and thermal diffusivity, respectively. Mass density of the samples was measured by Archimedes method using water with a few drops of surfactant.
Result and discussion

Crystal structure and surface morphology
The crystal structures of Ca 3À2x Na 2x Co 4Àx W x O 9 (0 # x # 0.075) samples were analyzed by collecting the powder X-ray diffraction data at room temperature. The diffraction peaks in XRD patterns of all samples ( Fig. 1(a) ) are identical to the standard JCPDS card (21-139) of C-349 system, 44 indicating the formation of phase pure compounds. The enlarged portions of (0020) diffraction peaks are presented in inset of Fig. 1 (a) to illustrate the effect of Na and W dual doping on C-349 crystal structure. It can be clearly seen that the diffraction peaks shi to lower 2q values with increase in doping content (x). The XRD data was Rietveld rened using a computer program JANA 2006 (ref. 43) in the superspace group X2/m(0b0)s0 and the resulting structural parameters are listed in Table 1 . The rened XRD pattern of x ¼ 0.05 sample is shown in Fig. 1(b) , as an example. It can be seen from Table 1 and Fig. 2 that the lattice parameters a, b 1 , c and unit cell volumes (V 1 and V 2 ) all slightly increase with increase in doping content (x), which is consistent with the observed shiing of diffraction peaks to lower 2q values. The morphology of samples in two different directions, parallel (kp) and perpendicular (tp), to the pellets pressure axis (Fig. 3) were studied by the scanning electron microscopy in order to nd out if there is any micro-dimensional anisotropy in these layered materials. The grain morphology in both parallel (kp) and perpendicular (tp) directions of the pressure axis seems to be almost identical, suggesting that there is no or negligible anisotropy that can be observed on a micrometer scale. The SEM images show the plate-like crystal grains morphology, which is a typical feature of materials, including C-349 system, that are prepared by the conventional solid state chemistry method. 46 Close inspection of the SEM micrograph for x ¼ 0.025 sample reveals that crystal grains are larger ($2.52 mm) and more compact than crystal grains of other samples (0.83-1.45 mm). The measured densities for all samples are in the range $86-94% of the theoretical density ( Table 2 ).
The binding energies of Co 2p and W 4f sub-shells of selected samples were estimated from the high resolution XPS measurements as shown in Fig. 4 . As reported elsewhere, the XPS spectrum of Co 2p splits into two parts, Co 2p 3/2 and 2p 1/2 with an intensity ratio of approximately (2 : 1) due to the spinorbit coupling. 47 The line shapes of both Co 2p 3/2 and 2p 1/2 spectra are similar to the reported results in literature. 48 The main peaks corresponding to the Co 2p 3/2 energy are located at 778.8 eV, 779.69 eV and 781.0 eV corresponding to x ¼ 0.0, 0.025 and 0.075 samples, respectively. Shake-up satellite peaks due to the metal-to-ligand charge transfer processes at higher binding energies than the 2p 3/2 and 2p 1/2 main peaks are also detected. The observed variations in Co 2p 3 
Thermoelectric properties
The temperature dependent electrical resistivities, r(T), as a function of Na and W co-doping (x) are shown in Fig. 5(a) . The r(T) curve for x ¼ 0.0 sample exhibits a semiconducting like behavior (dr/dT < 0) from room temperature to around 500 K, and then shows a transition to metallic like behavior (dr/dT > 0) from 600 K onwards. This kind of behavior in resistivity of C-349 system has been previously attributed to the spin-state transition, 52 removal of oxygen atoms from porous layered cobaltites 38 and structural distortion in Ca 2 CoO 3 sheets. 53 On the other hand, all doped samples show metallic behavior at low temperatures before showing a transition to semiconducting behavior above 400 K. The absolute values of resistivity at 1000 K for x ¼ 0.025 and 0.05 samples are smaller than that of undoped sample, but higher for x ¼ 0.075. This shows that dual doping of small amounts of Na and W has benecial effect on resistivity of our samples.
We can describe the high temperature electrical resistivity of cobaltites using the small polaron hopping model, 54 which is given by the following relation:
where r 0 is a constant factor called the residual resistivity, k B is the Boltzmann constant and E a is the activation energy of electrical conductivity for polaron hopping. The linear ts of ln(r/T) versus 1/T above 600 K, as shown in Fig. 5(b) , suggest that the small polaron hopping model applies well to the electrical resistivity of these materials. The slopes of straight lines (E a /k B ) were used to estimate the activation energies for all samples as listed in Table 2 . It has been observed that E a values for doped samples are relatively higher than the pristine C-349 system. This suggests that energy demand for carriers to jump from the top of valence band to the bottom of conduction band, in general, increases with doping in our samples. However, this variation could also be due to the creation of some in-gap states which would change with doping. showing the maximum value for x ¼ 0.025 sample ( Table 2) . These trends in n 300 K and m 300 K together with the larger grain sizes (Table 2 ) of Na and W dual doped samples can be used to explain the electrical resistivity of these materials. With the largest values of n 300 K , m 300 K and grain sizes, the x ¼ 0.025 sample has the lowest value of electrical resistivity and then r increases with increase in doping according to the equation: 1/r ¼ nem. Fig. 7(a) shows the temperature dependence of thermopower (S) of the Ca 3À2x Na 2x Co 4Àx W x O 9 samples. The sign of S is positive for all samples suggesting that holes are the majority charge carriers. The values of S increase with increase in temperature for all samples. It is also evident from Fig. 7 (a) (inset) that thermopower values increase with increase in doping content (x). The maximum value of 216 mV K À1 at 1000 K for x ¼ 0.075 sample is higher than previously reported S values for Na doped C-349 system (187 mV K
À1
) at this temperature.
25,40
As discussed above, x ¼ 0.025 sample shows the largest values of n 300 K and m 300 K , and then values of these quantities decrease with further increase in doping. This is consistent with the observed behavior of S with doping in our samples. 26, 28 The contribution of carrier concentration and carrier mobility, m(3) in describing S is given by the Mott's formula (originated from the Sommerfeld expansion).
57
SðTÞ
By using [s ¼ enm (3)] in eqn (3), we can get:
where C e ¼ (p 2 k B 2 T/3e)J(3) and n, m(3) C e and J(3) are the carrier concentration, energy correlated carrier mobility, electronic specic heat and density of state (DOS), respectively. There are three possible reasons associated with this increase in S values: (1) the Drude model predicts that rst term C e n in above equation is dominant. 58 In Na and W dual doped samples, carrier concentration (n) decreases with increase in doping (x) and therefore thermopower (S) increases. However, x ¼ 0.0 sample does not follow this trend suggesting that the electronic specic heat (C e ) and second term in above equation are the dominated factors here. Wang et al., reported that Fe doping in C-349 system increases the carrier concentration (n) and the electronic specic heat (C e ), but the effect of C e dominates over n which results in larger S values for doped samples. 59 (2) We could assume that slope of the density of states at Fermi level is the main contribution to the second part of the above equation for undoped sample. (3) Partial substitution of W 6+ for Co 3+ /Co 4+ ions decreases hole carriers and thus results in an increase of thermopower. According to the Pisarenko relation for degenerated semiconductors:
where k B , h, q and m* are the Boltzmann constant, Plank's constant, unit charge of electron and effective mass of carriers respectively. We have calculated a value of m*/m e $ 0.9 for all samples by plotting room temperature S values vs. n À2/3 as shown in inset of Fig. 5(b) . We can apply a simple parabolic band model by using the measured n and estimated m* values as described by the following equations:
where F 1/2 (x) is the Fermi integral, x is the reduced electrochemical potential, l is a scattering parameter and its value is taken 0 for acoustic phonon scattering, 1 for optical phonons scattering, and 2 for ionized impurity scattering. 60 The calculated S values at room temperature as a function of carrier concentration (n) are shown in Fig. 7(b) . Three different scattering mechanisms are represented by three straight lines in this plot. The measured and calculated values of S match very well when we take l ¼ 0, which suggests that the acoustic phonon scattering is the dominant scattering mechanism for all samples.
We have used the electrical resistivity and thermopower values to calculate the thermoelectric power factor PF ¼ S 2 /r for all samples as shown in Fig. 8 . The PF values increase with increase in temperature for all samples due to increase of thermopower with temperature. We can also see from Fig. 8 Fig. 9(a) . We can clearly see that k(T) decreases with increase in temperature for all samples in the measured temperature range. For x ¼ 0.0 sample, measured value of k at 1000 K is 1.36 W m À1 K À1 and it decreases to 1.26 W m À1 K À1 for x ¼ 0.025 sample. On further increase in doping, k 1000 K slightly increases again but its value remains lower than the pristine C-349 system. In order to understand the observed changes, we have investigated the contribution of electronic (k el ) and lattice (k Lattice ) parts of the thermal conductivity, separately. Fig. 9(b) shows the values of k el as determined from the experimentally measured r values by using the The values of k Lattice were calculated using the relation k Lattice ¼ k Total À k el and are shown in Fig. 9 (c). It is evident from plot that k Lattice , and not k el , is the major contributing factor to total thermal conductivity of our samples. Hence, changes in k Total with increase in doping content (x) are mainly originated from the changes in k Lattice . 33 We can attribute these changes in k Lattice to the larger ionic radius of W 6+ than Co 3+ /Co 4+ ions resulting in structural distortions, and therefore increase in phonon scattering. However, we cannot rule out some other unexplained microstructural aspects of these materials that can also be responsible for irregular behavior in thermal conductivity of doped samples. Fig. 10 . It is evident that zT values of doped samples are signicantly higher than the pristine C-349 system. The x ¼ 0.025 has the highest zT value of 0.21 at 1000 K among all samples, which is about 2.3 times higher than zT value of the undoped sample. This increase in zT value is due to increase in Seebeck coefficient, and decrease in electrical resistivity and thermal conductivity of this sample. zT values of other doped samples are also reasonably good as listed in Table 2 . As a comparison, zT value of our x ¼ 0.025 sample is comparable or slightly better than previously reported results of Na doped Ca 2.5 -Na 0. 42 It has been observed that electrical resistivity of our samples is still higher than most of the previously reported results, and therefore zT values of these materials are moderate. We believe that zT values of these samples can be further improved by preparing more compact materials under optimized synthesis conditions. 
Conclusion
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